Abstract. The interaction of the linker histone H1Z from the sperm chromatin of starfish Asterias amurensis with DNA was studied by spectroscopic and thermodynamic approaches. It has been shown that at the physiological conditions the interaction of the H1Z with DNA results in more compact structures compared to complexes of DNA with somatic histone H1. The typical profile of the DNA melting curves reveals two peaks attributed to the bound and unbound DNA. It has been shown that H1Z from starfish sperm stabilizes DNA to a greater extent compared to the somatic H1. It is possible that the presence of the additional α-helical segments within the C-terminal part of the H1Z typical for the linker histones from echinoderm sperm facilitates the protein-protein interactions which in turn stimulate cooperative binding of the histones to DNA, resulting in the formation of the supercompact sperm chromatin.
Introduction
Chromatin of eukaryotic cells comprises DNA and variety of nuclear proteins. One of the important functions of the chromatin is the DNA compaction, whose linear dimensions are much larger than the diameter of a nucleus [1] . The proteins responsible for the initial level of the DNA compaction, also known as the nucleosomal level, are histones. There are 5 different types of histones in the chromatin: H1, H2A, H2B, H3, and H4 [1, 2] . Four core histones interact with each other and with DNA forming a nucleosome. The targets for the histone H1 are the linker regions of DNA between the nucleosomes. Linker histone H1 plays an essential role in the post nucleosomal level of the structural organization of the chromatin [1] . Different cells demonstrate different level of DNA compaction, and one of the most compact chromatin can be found in sperm cells. In these cells, histone H1 is replaced by other different proteins, such as sperm-specific histones, thioprotamines, or protamines [1, 3] . In those cells, where linker histone H1 is substituted by the sperm-specific proteins, the chromatin retains the nucleosomal organization, still being considerably more compact then the chromatin of somatic cells. It makes the sperm-specific proteins a convenient model object to study the mechanisms of DNA compaction in chromatin.
In this study, we investigated the interaction of the H1 extracted from sperm of starfish Asterias amurensis with DNA using circular dichroism (CD) spectroscopy and thermal melting of DNA.
Materials and Methods
Linker histones H1 were isolated from rat thymus and from chromatin of starfish Astorias amurensis (H1-Z) sperm as described earlier [4] . Chicken erythrocyte DNA was characterized as described earlier [5] and used without further purification. To prepare artificial DNA-protein complexes low-molecularweight DNA with a mean size of 550 bp was used, obtained by sonication at 22 kHz as described earlier [6] .
The protein content in the system was described in terms of the molar ratio of the protein amino acid residues to DNA phosphates (r), which varied from 0 to 2. All the complexes were studied in buffer solution containing 5 mM Tris-HCl, pH 7.5, 1 mM EDTA in the presence of 15 mM NaCl (low ionic strength) or 150 mM NaCl (high ionic strength).
Spectra of the circular dichroism (CD) were recorded in terms of ellipticity θ using Cary 60 CD spectropolarimeter-dichrograph (Varian, USA) in round quartz cells with the optical path length of 1 cm. The thermal stability of DNA in the complexes with histones was studied using the DNA melting analysis. The melting curves were recorded spectrophotometrically using Specord M40 double-beam scanning spectrophotometer (Carl Zeiss, Jena, Germany) supplied with the TSEI Peltier attachment. The error of the transmission measurements was equal to ±0.01%T . The optical densities D of the solutions were measured in rectangular quartz cells with the optical path length of 1 cm. The rate of heating was maintained at 0.5 • C per minute. The melting curves D 260 (T ) were smoothed using Savitzky-Golay treatment. The normalized melting curves h(T ) were obtained using the following relationship:
where D min 260 and D max 260 are minimum and maximum values of the optical density at 260 nm corresponding to the native and melted DNA states in the process of melting.
Derivative melting curves dh(T )/dT were deconvoluted to Gaussian bands and contribution of each band was determined. The DNA-protein complexes were characterized by the value of hyperchromic effect G, by melting temperature T m , and by the fraction of DNA melted.
The hyperchromic effect G was determined by the formula:
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The melting temperature T m was determined as the maximum of the derivative melting curve dh(T )/dT .
Results and Discussion
Compared to the somatic H1 the sperm-specific histones are characterized by elongated arginine-rich polypeptide chain and by presence of basic amino acid sequences (Ser-Pro-Lys(Arg)-Lys(Arg)) [1] . These peculiarities can be responsible for their structural properties and underlie the mechanisms of the supercondensation of DNA in the sperm chromatin. Although the proteins are similar in terms of their secondary structure, the proteins from echinoderm sperm demonstrate higher content of α-helical regions in their C-terminal domains compared to the somatic H1 [4] . Such regions of the polypeptide chain, as well as the globular α-helical regions, are rather unstable and melt at relatively low temperatures.
To follow the changes in DNA structure during the interaction with the starfish sperm histones, we used circular dichroism spectroscopy. Figures 1 and 2 demonstrate CD spectra of the complexes between DNA and H1 from the rat thymus and the starfish sperm in the solutions of low and high ionic strength, respectively.
Increasing concentration of the H1 from rat thymus in the complex (r < 2.0) does not lead to significant changes in the intensity of positive CD band in the range 270-280 nm (Figure 1(a) ) in the solutions of 15 mM NaCl revealing no considerable changes in the DNA structure. Increasing influence of the light scattering on the shape of spectra of the complexes between DNA and histone H1 from the starfish at 1.5 < r < 2.0 reveals intensive intermolecular interactions in the solution (Figure 1(b) ).
Increasing intensity of the negative CD band in the range of 210-230 nm shows that the interaction of histone H1 with the DNA leads to the partial spiralization of the protein.
In solutions of high ionic strength (150 mM NaCl), the interaction of DNA with the protein molecules results in DNA condensation, which manifests itself as so-called Ψ-type CD spectrum of DNA (PSI: Polymer and Salt Induced) [7] . This CD spectrum is characterized by deep negative or positive band in the range of 240-300 nm and long-wavelength "tail" in CD spectra. Figure 2 represents CD spectra of DNA-H1 complexes at high ionic strength solution. The beginning of the condensation of the DNA in the complex with the somatic histone H1 (Figure 2(a) ) at r = 1.5 manifests itself in a notable light scattering resulting in the shift of the positive CD band of DNA toward the longer wavelengths and the appearance of the spectral "tail" in the region above 290 nm. At r = 2.0, the CD spectrum of the DNA-H1T transforms to a typical Ψ-type CD spectrum. In the case of H1 from starfish sperm (Figure 2 Ψ-type CD spectrum indicates the formation of the ordered supramolecular DNA-protein structures in the solution [5, [8] [9] [10] . Most likely, the prerequisite for the formation of such ordered structures is the interaction between the hydrophobic clusters of the histone molecules. Indeed, such clusters occur in the H1 from echinoderm sperm more frequently than in the somatic proteins [4] and these histones do compact DNA to a greater extent. It should be noted that the additional α-helical regions of histone H1 from the spermatozoa of echinoderms have been found in the C-terminal domain of the protein. In particular, this domain is rich in alanine and lysine amino acid residues [11] , and it is responsible for the ability of the protein to compact DNA [12] .
To study the ability of the proteins to stabilize the DNA structure when complexed with DNA we obtained melting curves of the pure DNA and the DNA in the complex with sperm-specific histone H1 from starfish sperm chromatin. The melting temperature of DNA depends on the ionic strength and ionic composition of solution. To reduce the influence of the possible traces of divalent ions, we added to the solutions 0.25 mM EDTA.
The typical derivative melting curves of the DNA-protein complexes have two peaks (Figure 3 ): the low-temperature peak T mI corresponds to the melting of free DNA and the higher temperature peak T mII characterizes the melting of DNA bound to H1 protein [13] . The melting temperature of DNA in the complex depends on the particular histone, whereas the melting temperature of the unbound DNA remains constant for all complexes. The presence of two peaks shows that even at high protein to DNA ratio (r = 1.0), there is the unbound fraction of DNA in the solution. Figure 3 shows that the melting temperatures of the bound DNA fractions in all complexes have higher melting temperatures, which do not depend on r ( Table 1 ). The area under each peak is proportional to the amount of DNA in the corresponding fraction: unbound DNA for T mI and bound DNA for T mII . The gradual changes in the areas of the both peaks characterize the increasing number of DNA segments bound to protein with increasing protein concentration. The total area under the derivative curve is constant at all DNA to protein ratios in solution. The exact number of the bound/unbound DNA segments depends not only on the amount of protein but also on the type of histone (Table 1 ). Figure 3 also represents the melting curve for DNA-H1T (somatic histone H1) complex at r = 1.0. The comparison of the two melting curves for DNA-H1Z and DNA-H1T ( Figure 3 , Table 1) shows that, at the equimolar DNA to protein ratio, the fraction of the unbound DNA is larger in the DNA-H1Z complexes. The analysis of the DNA melting curves also demonstrates that the most basic (positively charged) H1 from starfish sperm stabilizes DNA to a greater extent while the DNA conformation in the complexes with the less charged somatic H1 from rat thymus is also less stable ( Figure 3 , Table 1 ). Such differences might be due to the fact that the sperm-specific histones interact with DNA not only in the major groove but also in the minor groove [5] . In this case, intramolecular crosslinks on the DNA are created and the sites enriched in protein appear on DNA. However, in the case of the interaction of DNA with starfish sperm H1 such are fewer than for DNA-H1T complexes. This can be explained by an increased content of arginine in the sperm-specific proteins, which stabilize DNA screening the negative charges of the phosphate groups [13] .
The differences in the DNA binding properties and in the ability of the complexes to aggregate are likely depended on the conformational properties of the histones. The cooperative binding to DNA and stronger condensation potential are the characteristic properties of the echinoderm sperm H1 histones. These histones have approximately the same content of lysine, but more alanine, and less proline residues than the somatic protein [14] . The polypeptide chain of H1 histone forms a random coil at low ionic strength and at acidic pH. It is possible that the presence of additional α-helical segments which we found in the C-terminal part of the H1 from echinoderm sperm [4, 5] facilitates the proteinprotein interactions in solution [10, 15] . The latter in turn stimulate cooperative binding of the histones of this type to DNA, resulting in the formation of ordered structures in the chromatin.
